Summary: After a monocular injection of the cholera toxin B subunit (CTB) into the vitreous chamber of one eye, the retrogradely labeled retinopetal neurons were studied in the diencephalon of the Japanese monkey. The retrogradely transported tracer was visualized using the peroxidase antibody technique and an anti-cholera toxin antibody. The CTB-labeled nerve cell bodies were scattered in the periventricular nucleus of the hypothalamus, lateral hypothalamic area, and midline nuclei of the thalamus on both sides. In addition, a few retrogradely labeled nerve somata were observed in the most rostral portion of the lateral geniculate nucleus on the contralateral side.
Introduction
Visual processing begins in the retina, and signals are then sent to the brain through the optic nerve. In contrast to this well-known pathway from the retina to the brain, centrifugal visual projections from the brain to the retina have also been reported, and this pathway is known to have important modulatory effects on the retinal neurons in lower vertebrates (for reviews, see refs. 1 and 2).
Neuroanatomical tracing methods have helped to clarify the retinopetal projections in mammals such as mouse [3] [4] [5] , rat [6] [7] [8] , rabbit 9) , guinea-pig 9) , dog 10) , Mongolian gerbil 11) , and cat 9) . The somata of these retinopetal neurons are reportedly located mainly in the hypothalamus and mesencephalon; retinopetal axons arising from the perikarya in the posterior hypothalamus are believed to be histaminergic, while other retinopetal fibers arising from the perikarya in the dorsal raphe are reportedly serotonergic (see Ref. 12 for a review).
The presence of neurons projecting from the brain to the retina in primates has also been reported; although the number of observed neurons was small, their localizations were slightly inconsistent among reports 9, 13) . Therefore, the aim of this study was to determine the localizations of retinopetal neurons in the brain of the Japanese monkey after a monocular injection of the cholera toxin B subunit (CTB), a highly sensitive retrograde neuroanatomical tracer 14) , into the vitreous chamber of one eye. In the present report, we focused on the existence of retinopetal neurons in the diencephalon.
Materials and Methods

Tracer and Primary Antiserum
The cholera toxin B subunit (CTB) was purchased from List Biological Laboratories, Campell, California, USA. An antiserum raised in rabbits against cholera toxin was obtained from Sigma Chemical Company, St. Louis, Missouri, USA.
Animals and Immunocytochemistry
We used 3 adult (2 males, 1 female) monkeys (Macaca fuscata), weighing 4.7 to 12.3 kg. The monkeys were housed under a normal 12-hour light/dark cycle at 22±2°C
with ad libitum access to food and water. All experimental procedures were carried out in accordance with the Guide for Animal Experimentation of Kagoshima University.
The monkeys were initially anesthetized with ketamine hydrochloride (20 mg/kg i.m.), followed by sodium pentobarbital (30 mg/kg i.p.). Under anesthesia, a single injection of 200 µL of CTB solution (2 mg/mL) was made into the vitreous chamber of one eye. After a survival time of 4 or 5 days, the monkeys were reanesthetized and perfused transcardially with heparinized physiological saline, followed by 4% paraformaldehyde in 0.1 M phosphate buffer, pH7.4, containing 0.2% picric acid for 20 min. The brains were removed and immersed in 4% paraformaldehyde in 0.1 M phosphate buffer, pH7.4, for 4 days at 4°C. The brains were cryoprotected in a phosphate-buffered saline (PBS) containing 25% sucrose. Serial 40-µm thick sections were cut with a freezing microtome and immersed in PBS.
The immunocytochemical detection of CTB was performed with the peroxidase-antiperoxidase (PAP) detection system. To ensure the penetration of antibodies, the sections were preincubated in a solution of 0.3% Triton X-100 in PBS after blocking with endogenous peroxidase. Free-floating sections were then incubated for 3 days at 4°C with rabbit antiserum to cholera toxin diluted 1: 10,000 in PBS containing 0.3% Triton X-100. The sections were incubated in a 1: 2,000 dilution of goat anti-rabbit IgG (E-Y Laboratories, Inc., San Mateo, California, USA) for 1 day at 4°C and in a 1: 2,000 dilution of peroxidase-antiperoxidase (DAKO Corporation, Carpinteria, California, USA) for 1 day at 4°C. The primary, secondary, and tertiary antibodies were diluted to an appropriate concentration in 0.3% bovine serum albumin and 1% normal goat serum. Between incubation steps, the sections were thoroughly washed with PBS. To visualize the peroxidase, the sections were treated for 9 min at room temperature with 0.02% diaminobenzidine in 0.003% hydrogen peroxide and 0.6% ammonium nickel sulfate. After final rinses in 0.05-M Tris-HCl buffer, pH7.6, the sections were mounted onto gelatinchrome alum-coated glass slides, air dried, dehydrated with ethanol, cleared in xylene, and coverslipped.
Control sections without primary antibodies showed no immunoreactivity.
The sections were maintained in serial order so that immunostained structures could be traced through adjacent sections.
CTB-like immunoreactive neurons were drawn at a magnification of 500× with the aid of a drawing tube attached to a light microscope. By matching the cut ends of the immunostained structures and blood vessels, complete arborizations could be traced through serial sections.
The brain nuclei were identified with the aid of primate brain maps 15) .
Results
After the injection of CTB into the vitreous chamber of one eye, CTB-like immunoreactive axonal terminals were observed in the well-known retinorecipient regions.
As reported previously 16) , labeled retinofugal terminals were observed in the suprachiasmatic, pregeniculate, lateral geniculate, inferior pulvinar and several pretectal nuclei, and superior colliculus. Also, bilateral anterogradely labeled retinofugal terminals could be identified in the medial, lateral, and dorsal terminal nuclei of the accessory optic system and several small regions of the mesencephalic reticular formation. No indications of trans-synaptic transport of the tracer were observed in this study: no terminal labeling was observed in layer IV of area 17.
In addition to the above-mentioned CTB-like immunoreactive axonal terminals, the injection of CTB into the vitreous chamber of one eye of the Japanese monkeys resulted in a dense, continuous filling of the cell body and first, second, or third dendrites, producing a Golgiimpregnated image (Fig. 1A-D) . However, CTB-filled axons that arose from the retrogradely labeled neurons were not usually found, except for a few neurons located in the lateral hypothalamic area on the contralateral side ( Fig. 3C-D) . These labeled axons were traced through the floor of the third ventricle to reach the optic tract on the ipsilateral side.
The locations of the CTB-labeled nerve cell bodies in one representative case (M741) are illustrated in Fig. 2 . As shown, the retrogradely labeled neuronal somata were scattered in the periventricular nucleus of the hypothalamus, lateral hypothalamic area, and midline nuclei of the thalamus on both sides, although more were found on the side contralateral to the eye chamber with the injection of CTB. In addition, a few retrogradely labeled nerve cell bodies could be identified in the most rostral portion of the lateral geniculate nucleus on the contralateral side. However, in this study, a CTB-labeled neuronal soma was not found in the tuberomammillary nucleus on either side.
Most of the CTB-like immunostained somata were bilaterally located in the lateral hypothalamic area at the level of the optic chiasma through the mammillary body. These retrogradely labeled neurons in this area had a medium-sized cell body which was round or fusiform in shape (Fig. 3A-D) . Three to four primary dendrites were seen to arise at approximately equal distances from the neuronal soma and to run for several hundred microns, showing no branching.
The CTB-labeled neurons in the periventricular nucleus of the hypothalamus showed medium-sized spindleshaped somata and three primary dendrites that ran for a long distance (400-600 µm). These labeled dendrites were found to be smooth and to not have any secondary branches.
A few retrogradely labeled neurons located in the midline nuclei of the thalamus showed medium-sized round perikarya and three primary dendrites arising in all directions from the smooth surface of the cells (Fig.  3E) . These primary dendrites ran a very long distance (400-800 µm) and were smooth with a few secondary branches.
One or two CTB-labeled neurons located in the most rostral portion of the contralateral lateral geniculate nucleus showed medium-sized fusiform or round somata and only two primary dendrites arising at opposite poles, producing a distinct bipolar cell (Fig. 3F) . These labeled primary dendrites were smooth and had a few secondary branches but extended a very long distance (400-800 µm).
Discussion
In this study, the neurons projecting to the retina from the diencephalon were distributed diffusely and widely at the level of the anterior commissure through the level of the lateral geniculate nucleus. These present findings confirmed the results of and extended the previous study on the retinopetal neurons located in the mesencephalon of Old World monkeys 9) , as shown in Fig. 2 . Our findings have some features in common with previous results ob- tained in monkeys. The retinopetal nerve cell bodies were mainly present in the hypothalamus of the monkey, as reported previously 9) , but no nerve cell body projecting to the retina was identified in the tuberomammillary nucleus in this study. In addition, retinopetal nerve cell bodies were also observed in the contralateral lateral geniculate nucleus and bilateral midline nuclei of the thalamus, which has not been reported previously 8) . These inconsistencies may have been due to differences between the monkey species or study methods: Labandeira-Garcia et al. 9) used a pig-tailed macaque, while we used a Japanese monkey. We employed a neuroanatomical tracing technique using the retrograde transport of CTB, whereas they cut the optic nerve, immersed the stump in horseradish peroxidase solution, and observed the retrogradely labeled nerve cell bodies. The neuroanatomical tracing of retrograde cholera toxin transport is generally considered more sensitive than the horseradish peroxidase method 17) , but a conclusion should be made based on further study results.
Our method was incapable of accurately elucidating the action of the retinopetal neurons observed in the hypothalamus and thalamus, but an assumption was possible to some extent based on the location of the labeled cell bodies and the shapes of the neurons reconstructed in the serial sections. Regarding the presence of the few ret- Fig. 2 . Schematic drawing showing the location of retrogradely labeled neuronal somata (dots) after cholera toxin B subunit (CTB) injection into the vitreous chamber of the Japanese monkey (M741). The sections were numbered in order beginning with the most rostral section. AC, anterior commissure; Cd, caudate nucleus; contra, contralateral side; Fx, fornix; ipsi, ipsilateral side; LG, lateral geniculate nucleus; MB, mammillary body; Och, optic chiasma; Sch, suprachiasmatic nucleus; So, supraoptic nucleus; 3V, third ventricle. Fig. 3 . Camera lucida drawings of the retrogradely labeled neurons illustrated in Fig. 2 . A: The CTB-labeled nerve cell body in the contralateral lateral hypothalamic area was present just above the supraoptic nucleus (OT) at the level of section 64 and was reconstructed from eleven coronal sections. B: The retrogradely labeled neuronal somata located in the ipsilateral lateral hypothalamic were just lateral to the supraoptic nucleus at the level of section 79 and were reconstructed from thirteen coronal sections. C: The CTB-labeled neuronal somata located in the contralateral lateral hypothalamic area were above the optic tract at the level of section 109 and were reconstructed from eleven coronal sections. An arrow shows the labeled axon. D: The retrogradely labeled nerve cell body in the contralateral lateral hypothalamic area was just above the fornix at the level of section 114 and was reconstructed from thirty-six coronal sections. The retrogradely labeled axon is indicated by an arrow. E: The CTB-labeled nerve cell body in the ipsilateral reuniens nucleus of the thalamus was present above the third ventricle (3V) at the level of section 186 and was reconstructed from eight coronal sections. F: The retrogradely labeled neuronal somata were located in the most rostral part of the contralateral lateral geniculate nucleus at the level of section 211 and were reconstructed from three coronal sections. Scale bar = 100 µm.
inopetal nerve cell bodies observed in the periventricular nucleus of the hypothalamus, which was not emphasized in the previous study 9) , the cell body shapes and locations were similar to those of luteinizing hormone-releasing hormone (LHRH)-containing neurons in macaque monkeys 18) , suggesting the possibility that the neurons send LHRH-containing fibers to the retina. Actually, LHRHpositive axons arising from the hypothalamus of platyfish were observed to enter the retina and terminate near the amacrine and bipolar cells 19) , suggesting the possibility that LHRH serves as a neuromodulator in the retina 20) . Furthermore, the observation of LHRH-containing fibers in the optic nerve and retina has been reported in the rat 8) and fetal rhesus monkey 21) . In addition, it is also possible that the CTB-labeled perikaryon observed near the fornix in the lateral hypothalamic area may be an orexinergic neuron based on its location and shape, because orexin-immunoreactive perikarya were observed to be present in the lateral hypothalamus-perifornical region in the African green 22, 23) and Japanese (our unpublished data) monkeys.
In contrast to earlier reports [3] [4] [5] [6] [7] [8] [9] [10] [11] 13) , our results showed that a few CTB-labeled nerve cell bodies were found in the thalamic midline nuclei of Japanese monkeys and that these labeled neurons were characterized by dendrite patterns radiating in all directions, similar to the patterns of nucleus reunions described using the Golgi-impregnated method 24) . Although thalamic midline nuclei as a whole have been considered to be part of a nonspecific thalamocortical system (for a review see Ref. 25) , the most ventral nuclei, the nucleus reuniens, was recently suggested to act as a critical relay in the transfer of stimulations from the medial prefrontal cortex to the hippocampus and possibly to coordinate limbic and sensorimotor functions 26, 27) . In consideration of this evidence, we suggest that the retinopetal neurons located in the midline nucleus may receive information related to the various limbic and limbic-associated structures for convergence and that part of this information might subsequently be transferred to the retina for modulation of the light response.
Regarding the retrogradely labeled nerve cell bodies in the lateral geniculate nucleus on the contralateral site, which have not been previously described 9) , the possibility of secondary labeling as a result of the transneuronal transport of CTB anterogradely to this region was considered. However, this possibility can be ruled out, as previously reported 26) , because no labeled axonal terminals surrounded the labeled nerve cell bodies and dendrites, only a few labeled nerve cell bodies were present, and the label concentration was relatively high. The retrogradely labeled neurons in the lateral geniculate nucleus might form a retina-lateral geniculate nucleusretina feedback loop, playing a fundamental role in the modulation of retinal sensitivity related to either eye movements or the location of significant visual stimuli.
Thus, although the definite function of the retinopetal neurons located in the mesencephalon of the Japanese monkey remains unclear, the centrifugal visual projections might serve as several different neuromodulatory systems according to their various origins, together with the already established result that the centrifugal fibers from the optic nerve layer were found to run to the inner nuclear layer in the rhesus monkey 28) . Further studies are necessary to accurately identify these functions.
